Antibiotics can profoundly alter the intestinal microbiome even at the sublethal concentrations often encountered through environmental contamination. The mechanisms by which low-dose antibiotics induce large yet highly variable changes in gut communities have remained elusive. We therefore investigated the impact of antibiotics on intestinal bacteria using larval zebrafish, whose experimental tractability enables high-resolution in vivo examination of response dynamics. Live imaging revealed that sublethal doses of the common antibiotic ciprofloxacin lead to severe drops in bacterial abundance, coincident with changes in spatial organization that increase susceptibility to intestinal expulsion. Strikingly, our data can be mapped onto a physical model of living gels that links bacterial aggregation and expulsion to nonequilibrium abundance dynamics, providing a framework for predicting the impact of antibiotics on the intestinal microbiome.
Introduction
Antibiotic drugs induce large, long-lasting, and disease-associated alterations in the compo- As detailed below, we discovered that sublethal levels of ciprofloxacin lead to major re-46 ductions in intestinal abundance of both bacteria that cannot be predicted from in vitro responses, and that for both Vibrio and Enterobacter are linked to increased aggregation. 48 Our findings highlight the delicate balance between individual cell growth and population co-49 hesion that is necessary for stable residence, and show that antibiotics can shift this balance 50 towards an unsustainable state that favors collapse and extinction. Surprisingly, quantitative 51 image-derived population data motivate and are well fit by physical models originally used to 52 describe colloidal growth and polymer gelation, implying an antibiotic-induced phase transi-53 tion in bacterial community structure and revealing a general framework for understanding 54 intestinal antibiotic perturbations. reservoir that reseeds the next population, and the process of replication, aggregation, and expulsion repeats. Therefore, persistence within the intestine requires processes that generate single cells or small clusters, otherwise transport will eventually lead to extinction. This from a cluster surface during cell division. Immigration from the environment likely occurs 176 even in established populations, but measurements in larval zebrafish suggest very low rates 177 [15] . We therefore we suspected that more robust mechanisms must promote persistence.
178
Supporting the active fragmentation mechanism, we found in untreated hosts examples of 179 populations that contain an abundance of single cells, a single large cluster, and a lack of 180 mid-sized clusters (Supplemental Figure 2E) . Following low-dose ciprofloxacin treatment, the 181 planktonic cell reservoir required for resilience to intestinal transport is depleted ( Fig 3C) , 182 most likely due to stalled Enterobacter division ( Fig 3A) , leading to collapse of the bacterial 183 population ( Fig 3B) . our intestinal populations are constrained to have at most a few hundred clusters ( Fig 3C) , 204 necessitating the use of stochastic simulations (Methods).
205
In its general form, the model encompasses a wide range of behaviors that can be encoded ing the ratio of the fragmentation and aggregation rates, β/α, and the other being the ratio The main prediction of our model is that naturally aggregated, slow growing species will 311 be impacted more severely than fast growing, planktonic species by equivalent low-dose an-312 tibiotic perturbations. Such species are situated closer to the extinction phase boundary 313 ( Fig 5B) , beyond which stable nonzero populations are impossible to maintain. With con- (2)
For the remaining parameters, we developed a method to infer them from the distribution 506 of abundances obtained from dissection and plating assays. In a regime where aggregation 507 and fragmentation are fast compared to expulsion, we expect the system to locally reach a 508 quasi-steady state in between expulsions of the largest aggregates. As such, we expect cluster 509 statistics to depend primarily on the ratio of fragmentation to aggregation, β/α, rather than 510 on each rate independently. This confirmed in simulations (Supplemental Figure 3A,B) .
511
Therefore, the number of parameters to be estimated is reduced to two: β/α and K. Figure 1F ). We then compared 519 19 the mean (µ) and variance (σ) of the simulated, log-transformed abundances log 10 (N + 1)
with the values for our plating data (μ andσ, respectively), quantifying error using
A heat map of χ 2 shows well-defined edges for the minimum values of the fit parameters 522 (Supplemental Fig 3C) . However, the inference is poorly constrained for carrying capacities 523 larger than 10 5 and for log 10 β/α greater than 2.5. This poor constraint is due primarily 524 to the insensitivity of the abundance distribution to increasing values of these parameters.
525
For example, moving to the far right side of the abundance phase diagram in Fig 5B, the 526 contours become flat in β/α.
527
To further constrain our estimates, we place upper bounds on these parameters with simple 528 estimates of physical limits. To bound the carrying capacity, we note that a larval zebrafish 529 intestine have a volume of roughly 1 nL, or 10 6 µm 3 . Taking the volume of a bacterium to be 
